We report measurements of low-frequency electronic noise in ordered superlattice, weaklyordered and random-packed thin films of 6.5 nm PbSe quantum dots prepared using several different ligand chemistries. For all samples, the normalized noise spectral density of the dark current revealed a Lorentzian component, reminiscent of the generation-recombination noise, superimposed on the 1/f background (f is the frequency). An activation energy of ~0.3 eV was extracted from the temperature dependence of the noise spectra. The noise level in the ordered films was lower than that in the weakly-ordered and random-packed films. A large variation in the magnitude of the noise spectral density was also observed in samples with different ligand treatments. The obtained results are important for application of colloidal quantum dot films in photodetectors.
Solution-processed quantum dot (QD) optoelectronic devices may offer low cost, large area, mechanically flexible and manufacturable large-scale device integration. [1] [2] [3] [4] [5] Solution-based processes include spin coating, dip coating, Langmuir-Schaeffer deposition, spraying and inkjet printing. Typically, the performance of solution-processed devices is inferior to the performance of devices fabricated by conventional techniques. However, the low cost, scalability and other benefits make solution-processed optoelectronics attractive for a range of applications, including photodetectors, light emitting diodes and solar cells. [5] [6] [7] [8] [9] [10] [11] [12] Colloidal QDs can be used to prepare random-packed or ordered QD thin films. Spatially-ordered QD assemblies are often called quantum dot superlattices (QD SLs). 1 The optical and electronic properties of QD SLs depend not only on the intrinsic characteristics of QDs but also on the QD packing density, orientation, inter-QD distance and dielectric medium. Tunable electronic band structures make QD SLs attractive for detector and photovoltaic applications. 5, 13, 14 The low thermal conductivity of QD films also suggests applications in thermoelectrics. 1, 15 It is predicted theoretically that QD SLs with small QD size and inter-dot distance and low levels of defects and disorder offer attractive possibilities for controlling the electronic band structure and acoustic phonon dispersion. 14, 16 Strong electron wave function overlap in QD SLs can lead to formation of electronic mini-bands, and, as a result, substantially higher charge carrier mobility than is achievable in films of otherwise-comparable random-packed QDs. The long-range order of QDs is essential for formation of mini-bands and emergence of band transport instead of the hopping transport characteristic of random QD films. Long-range order can also lead to strong modification of the acoustic phonon dispersion, with corresponding changes in electron-phonon scattering and light-matter interactions. 12, [14] [15] [16] [17] For more than two decades, the efforts in synthesis and testing of QD SLs synthesized by molecular beam epitaxy, [18] [19] [20] solution processing [21] [22] [23] and other techniques 24 were focused on improving the long-range order to achieve formation of coherent mini-bands and, correspondingly, enhanced electron mobility and modified optical response. 1 There have been only a few studies of current fluctuation and noise processes in QD films and devices. [25] [26] [27] [28] We are aware of only one detailed report on low-frequency noise in colloidal QD films. 27 Knowledge of the low-frequency noise characteristics of QD films is important from both the fundamental and applied points of view.
Noise characteristics can provide insight into charge transport and tunneling mechanisms in QD films. Understanding of noise mechanisms and development of noise reduction approaches are important for practical applications of QD films in photodetectors.
In this Letter, we report low-frequency noise measurements in three types of QD thin films:
highly-ordered QD SLs (SL films), weakly-ordered spin-cast films (SC films), and randompacked dip-coated films (DC films). We find that the SL films have less noise than the SC and DC films. The difference in the noise spectral density between the SL and DC films varies from a factor of two to more than two orders of magnitude at room temperature (RT [29] [30] [31] [32] [33] [34] Our observation of lower noise in QD SLs provides additional motivation for research to improve the long-range order of colloidal QD superlattices.
In this study, we fabricated 30-70 nm thick films of 6.5 nm PbSe QDs using three different methods and ligand chemistries in order to study the impact of spatial order and surface chemistry on low-frequency noise (see Table I ). All films were infilled and overcoated with a 20 nm thick layer of amorphous aluminum oxide via atomic layer deposition (ALD) to prevent oxidation of the QDs. 35 To investigate the role of spatial order, we fabricated epitaxial superlattice (epi-SL) films with ~250 nm lateral SL grain sizes via self-assembly of QDs on a liquid surface. 36, 37 These films contain a mixture of adsorbed ethylene glycoxide, iodide and residual oleate surface ligands. The second type of sample (the SC films) feature ~25 nm lateral superlattice grains and similar surface ligands and coverage as the SL films. These films have very similar surface chemistry to the epi-SL films. On a sub-100 nm length scale, the SL films possess more uniform inter-QD distances and connectivity due to oriented attachment (i.e., epitaxial fusion of the QDs) in three dimensions. 37, 38 At a length scale below 10 µm, the SC films are smooth and continuous whereas the SL films have more significant macroscopic cracking that occurs during QD self-assembly. Scanning electron microscope (SEM) images highlighting these differences are provided in Figure 1 . The third type of sample was randompacked QD films prepared by dip coating (DC films) using either ethylenediamine (DC EDA) or ammonium thiocyanate (DC SCN #1 and #2) ligand treatments. These films were deposited using a layer-by-layer dip coating process that yields optically smooth, continuous, and dense films (see Figure 1 ). 39 The DC SCN films contain adsorbed thiocyanate and the DC EDA films possess a mixture of oleate and ethylenediamine ligands. Fourier transform infrared (FTIR) spectra shown in the Supporting Information highlight the differences in surface chemistry between the samples studied here.
[ Table I . Since the focus of the present study is on the dark current noise characteristics, the data in Figure 2 (b) were measured without illumination.
[ Figure 2 ]
The resistivity of the SL films was smaller than that of the SC and DC films (see Figure 2 (b)).
For all three types of samples, the resistivity decreases with temperature, suggesting that transport occurs by phonon-assisted tunneling, i.e., hopping. [42] [43] [44] [45] The hopping conductance is commonly analyzed using the expression QDs of the same diameter were reported in Ref. 37 . From the Arrhenius plot, we extracted activation energies of 0.171 eV and 0.137 eV for NNH transport in the DC and SL films, respectively.
The noise spectra were determined with a dynamic signal analyzer (Stanford Research) with inbuilt low-noise amplifier. The devices were DC biased with a "quiet" battery-potentiometer circuit in order to minimize 60 Hz noise from the electrical grid. The noise measurements were conducted in a two-terminal device configuration. Details of our noise measurement procedures have been reported elsewhere. [46] [47] [48] In Figure 3 In the studied set of samples, the QD SL produces less noise than the DC QD film at all bias voltages and temperatures. For some f and T, the difference in the noise level, SI/I 2 , is more than an order of magnitude.
[ Figure 3 ]
For all samples, we examined the noise spectral density scaling with the current (see Figure 4 (a) and (b)). The noise in all samples followed the SI ~ I 2 trend with only small deviations. This
indicates that the electrical current does not induce strong Joule heating, annealing or other structural or morphological changes. 49 This is in contrast to a previous report of low-frequency noise in colloidal QD films, which revealed strong deviation from the SI ~ I 2 dependence. 27 In Figure 4 (c), we present the normalized noise spectral density, SI/I 2 , as a function of temperature. The noise level in the SL films is the lowest of all examined samples. However, at certain temperature and bias ranges, the noise spectral density in SL films becomes rather Low-Frequency Electronic Noise in Thin Films of Colloidal Quantum Dots (UC Riverside and UC Irvine -2019)
7 | P a g e close to that in the random DC films. The difference in the noise level between DC and SC films is also large. For this reason, it is difficult to establish from these data the relative importance of spatial order, ligand chemistry, and other factors determining the noise level in QD films.
[ Figure 4 ]
As one can see from Figure 3 (a) and Figure 4 (c), both the amplitude of noise and shape of the spectra depend on temperature. Similar to G-R noise in semiconductors, which appears as Lorentzian peaks, this can be a result of a random process with a well-defined characteristic time that depends on temperature. 29, [50] [51] [52] In general, the spectral density of G-R noise is described by the Lorentzian:
, where S0 is the frequency independent portion of SI(f) observed at f <<fc=(2πτ) -1 and τ is the time constant associated with the return to equilibrium of the occupancy of the trap level. In typical semiconductors, the spectral density of the G-R noise is often expressed as,
where ω = 2πf, V is the sample volume, n is the equilibrium electron concentration for an n- [ Figure 5 ] Figure 6 shows the plot of ln(fc) vs. 1/Tm that was used to extract the noise activation energies.
The activation energy for the SL and DC films is nearly equal at ~0.3 eV. This activation energy is significantly higher than the activation energy of the NNH conductivities. Therefore, the temperature dependences of the conductivity and noise appear to be regulated by different mechanisms. This is a rather common situation in semiconductors. For example, G-R noise with a strong temperature dependence is often observed even when the conductivity is temperature independent. 9 | P a g e Materials). The variation in the noise level in the ordered and random QD films can also be associated with the number of conducting channels in the QD films, which depend on the interdot distance, presence of cracks and variation of the QD density. Under the realistic assumption of independent fluctuators uniformly distributed in the sample, the normalized noise spectral density is inversely proportional to the volume of the conducting channels, SI/I 2 ~ 1/V . 29, 49 This leads to higher noise in QD films, which have fewer conducting channels. However, more experimental studies are required to establish the exact mechanism of the noise in such samples and discriminate the effect of differences in inter-QD distances and coupling, QD stoichiometry, surface doping, ligand coverage, and grain boundaries in QD films. We note that no theoretical models for low-frequency noise in QD films or superlattices exist at the moment. The conventionally accepted noise models are either for electron band conduction in semiconductors 29, 49 and metals 29, 58, 59 or electron hopping in disordered semiconductor systems. 43, 60 Ordered and random-packed QD films are a unique class of materials that will require dedicated investigation. One should also note that the signal-to-noise ratio of a photodetector system limited by 1/f noise cannot be improved by extending the measuring time, t ∝ 1/f. The total accumulated energy of the flicker 1/f noise increases at least as fast as t. This consideration adds a practical motivation to more detail studies of low-frequency noise in colloidal QDs.
In conclusion, we reported on measurements of the low-frequency electronic noise in ordered, weakly-ordered, and random-packed films of colloidal quantum dots. An important finding is that the normalized noise spectral density of the dark current contains a Lorentzian component superimposed on the 1/f background that is reminiscent of G-R noise. An activation energy of ~0.3 eV was extracted from the noise spectrum temperature dependence for both superlattice and random-packed quantum dot films. The noise level in the ordered films was lower than that in the weakly-ordered and random-packed films. However, the measurements also reveal a large variation in noise levels between random-packed films prepared with different ligand treatments. The obtained results are important for application of colloidal quantum dot films in photodetectors. MΩ water (Milli-Q Gradient) was used for substrate cleaning and atomic layer deposition (ALD). Water for ALD was degassed with three freeze-pump-thaw cycles before use.
Methods

Materials
Quantum dot synthesis. PbSe QDs were synthesized and purified using standard air-free techniques. PbO (1.50 g), OA (5.00 g), and ODE (10.00 g) were mixed and degassed in a three- and "DC EDA #1" in Table I . (c -d) Spin-coated films with short-range order, corresponding to sample "SC EDA #1" in Table I . (e -f) Epi-superlattice films with long-range order, corresponding to samples "SL #1" and "SL #2" in Table I . The noise level in the ordered SL film is consistently lower than that in the random DC films. (C≡N) ). The ligand content of each film is summarized in Table S1 . 
